Human glioblastoma multiforme (GBM) is the most common primary brain tumor in adults. The poor prognosis and minimally successful treatments of GBM indicates a need to identify new therapeutic targets. In this study, we examined the role of CXCR3 in glioma progression using the GL261 murine model of malignant glioma. Intracranial GL261 tumors express CXCL9 and CXCL10 in vivo. Glioma-bearing CXCR3-deficient mice had significantly shorter median survival time and reduced numbers of tumor-infiltrated natural killer and natural killer T cells as compared with tumor-bearing wild-type (WT) mice. In contrast, pharmacological antagonism of CXCR3 with NBI-74330 prolonged median survival times of both tumor-bearing WT and CXCR3-deficient mice when compared with vehicle-treated groups. NBI-74330 treatment did not impact tumor infiltration of lymphocytes and microglia. A small percentage of GL261 cells were identified as CXCR3 1 , which was similar to the expression of CXCR3 in several grade IV human glioma cell lines (A172, T98G, U87, U118 and U138). When cultured as gliomaspheres (GS), the human and murine lines increased CXCR3 expression; CXCR3 expression was also found in a primary human GBMderived GS. Additionally, CXCR3 isoform A was expressed by all lines, whereas CXCR3-B was detected in T98G-, U118-and U138-GS cells. CXCL9 or CXCL10 induced in vitro glioma cell growth in GL261-and U87-GS as well as inhibited cell loss in U138-GS cells and this effect was antagonized by NBI-74330. The results suggest that CXCR3 antagonism exerts a direct anti-glioma effect and this receptor may be a potential therapeutic target for treating human GBM.
Introduction
Human glioblastoma multiforme (GBM), a grade IV astrocytoma, is the most common and malignant form of human primary brain tumors. Current treatment paradigms for GBM include surgical resection of the tumor mass, followed by adjuvant radiotherapy and chemotherapy, although these approaches are not very successful, having only a modest impact on the survival rate of GBM patients. Due to the relative ineffectiveness of these traditional treatments, studies are focusing on the molecular pathways associated with glioma progression as well as exploring new approaches, such as immunotherapy (1) .
Chemokines promote migration of responsive cells and in the context of tumorigenesis, are known to direct intratumoral trafficking of immune cells. Moreover, chemokines also modulate tumor proliferation, metastasis and the angiogenic response associated with tumor growth (2) . CXCR3 belongs to the CXC chemokine receptor subfamily and has three endogenous ligands, CXCL9 (MIG), CXCL10 (IP10) and CXCL11 (ITAC). This chemokine system has been reported to be involved in tumor growth, metastasis, angiogenesis and immune cell infiltration into tumors. With the respect to immune cell recruitment, CXCR3 is expressed by activated T cells, natural killer (NK), natural killer T (NKT) cells and, within the central nervous system, microglia (3) (4) (5) . CXCR3 þ lymphocyte recruitment, directed by CXCL10, can promote spontaneous regression of melanoma (6) , whereas CXCL11 increases tumor-infiltrating lymphocytes and inhibits tumor growth in both breast cancer and T-cell lymphoma (7, 8) . Therefore, CXCR3-mediated homing of immune cells represents a potential target for tumor therapy investigation. CXCR3 is also expressed by tumor cells, including melanoma, ovarian and renal carcinoma, breast cancer cells, B-cell leukemia, prostate, colorectal and brain tumor cell lines (9) (10) (11) (12) (13) (14) (15) (16) (17) . CXCR3 expression has been reported to correlate with poor prognosis of breast cancer patients (18) and with tumor thickness in melanoma (19) . CXCR3 activation enhances tumor cell proliferation of myeloma (20) and osteosarcoma (21) and CXCR3 inhibition induces caspaseindependent cell death (21) . In addition, CXCR3 is involved in matrix metalloproteinase production by colorectal carcinoma (22) and osteosarcoma (21) . It also regulates metastatic activity of melanoma (18) , breast cancer (9) , osteosarcoma (21) and colorectal carcinoma (22) .
The recent demonstration that CXCL10 is expressed by murine (23) and human (24) glioma cell lines suggests that this chemokine could play important roles in brain tumor biology. CXCL10 is upregulated in grade III and grade IV human glioma cells as compared with normal astrocytes. Additionally, CXCR3 is also elevated in both grade III and grade IV human glioma cells and its activation can increase DNA synthesis of these cells in vitro. The DNA synthesis enhancing effect of CXCL10 on glioma cells is abolished by CXCL10 neutralizing antibody. While these in vitro results support a role for CXCR3 in malignant glioma, investigations of this receptor in glioma progression in vivo are absent.
In this study, we investigated the role of CXCR3 in glioma progression using the GL261 murine model of malignant glioma (25) (26) (27) . CXCL9 and CXCL10 expression were determined in GL261 cells and GL261 tumors established in syngeneic C57BL/6 mice. CXCR3-deficient mice and a CXCR3 antagonist, NBI-74330, were utilized to address the role of this receptor in glioma progression. NBI-74330 is a small molecule selective CXCR3 antagonist (28) (29) (30) and has been shown to attenuate atherosclerotic plaque formation by blocking the migration of CD4 þ T cells and macrophages, as well as enhancing the immune suppression controlled by Foxp3 þ T regulatory (Treg) cells (31) . We found that CXCR3 deficiency in the host and CXCR3 antagonism with NBI-74330 had different effects on GL261 glioma progression. However, NBI-74330 exerted an antitumor progression effect not dependent on host expression of CXCR3, supporting a role for this receptor directly on glioma cells. The glioma expression of CXCR3 was confirmed through in vitro studies of the murine GL261 cells and then extended by characterization of several human glioma cells. Functional characterization of tumor-expressed revealed a role for CXCR3 in promoting glioma proliferation. Taken together, our results indicate that CXCR3 is involved in glioma progression and is a potential therapeutic target for glioma.
1% sodium pyruvate and 2 mM L-glutamine. The GL261 glioma cell line was maintained in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 1% penicillin-streptomycin, 4 mM L-glutamine. All gliomaspheres (GS) were cultured in DMEM/F12 medium supplemented with 2% B27, 20 ng/ml of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), 5 lg/ml of heparin and 1% penicillin-streptomycin. All the cells were grown in a humidified incubator at 37°C with 5% CO 2 . DMEM, Eagle's minimum essential medium, RPMI-1640, DMEM/F12 medium, B27, EGF, bFGF, L-glutamine and antibiotics were obtained from Gibco-BRL (Invitrogen, Carlsbad, CA). Sodium pyruvate and heparin were purchased from Sigma-Aldrich (St Louis, MO). FBS was from HyClone (Thermo Scientific, Waltham, MA).
Animals
Wild type (WT) C57BL/6 mice were obtained from either Charles River Laboratories (Wilmington, MA) or Jackson Laboratories (Bar Harbor, ME). CXCR3-deficient mice, backcrossed 16 generations to the C57BL/6 background were generated as described previously (32) . All procedures involving mice were carried out in accordance with the guidelines of the University of Florida Institutional Animal Care and Use Committee.
Reverse transcription-polymerase chain reaction Total RNA was isolated from glioma cells with the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Genomic DNA contamination was removed by RQ1 RNase-free DNase treatment (Promega, Madison, WI). Total RNA was then quantified and stored at À80°C. RNA (1 lg) was retrotranscribed with iScript complementary DNA (cDNA) synthesis kit (BioRad, Hercules, CA). Synthesized cDNA was subjected to polymerase chain reaction analysis. Polymerase chain reaction was performed by heating for 96°C for 2 min, followed by amplification for 35 cycles: 96°C for 30 s, 56°C for 1 min and 72°C for 1 min. The following primers were used: murine CXCL9, 5#-CTCGGATCCGCCATGAAGTCCGCTGTTCTTTTC-3# (forward) and 5#-TATGAATTCAAATTAACACTTTATGTTTTGTAG-3# (reverse); murine CXC-L10, 5#-CCGGAATTCTCCCCATCAGCACCATGAACCC-3# (forward) and 5#-CTGCTCGAGGAGTAGCAGCTGATGTGACC-3# (reverse); murine CXCL11, 5#-GCAGAATTCTGCAGCGGCTGCTGAGATGAACAG-3# (forward) and 5#-GGACCTTCTAGAAAGTTCTGCAGC-3# (reverse); murine CXCR3, 5#-GAG-GTTAGTGAACGTCAAGTG-3# (forward) and 5#-GGGGTCCCTGCGGTAGA-TCTG-3# (reverse); murine glyceraldehyde 3-phosphate dehydrogenase, 5#-AAATGGTGAAGGTCGGTGTG-3# (forward) and 5#-TCTCCATGGTGGT-GAAGACA-3# (reverse); human CXCL9, 5#-TGCTGGTTCTGATTGGAGTG-3# (forward) and 5#-CTGTTGTGAGTGGGATGTGG-3# (reverse); human CXCL10, 5#-AACCTCCAGTCTCAGCACCA-3# (forward) and 5#-TTTGAAG-CAGGGTCAGAACA-3# (reverse); human CXCL11, 5#-CCTGGGGTAAAAG-CAGTGAA-3# (forward) and 5#-TGGGGAAAGAAGTGTGTATTTG-3# (reverse); human CXCR3-A and -B, 5#-ACCCAGCAGCCAGAGCAC-3# (forward) and 5#-GTTCAGGTAGCGGTCAAAGC-3# (reverse) and human glyceraldehyde 3-phosphate dehydrogenase, 5#-CGAGATCCCTCCAAAATCAA-3# (forward) and 5#-TGCTGTAGCCAAATTCGTTG-3# (reverse). The predicted polymerase chain reaction product sizes are listed in supplementary (31) . Briefly, animals received 100 mg/kg/day of NBI-74330 in 1% sodium docusate in 0.5% 400Cp methylcellulose, injected subcutaneously, beginning from day 3 after surgery, for 12 days. A control group of mice were treated with vehicle only. Glioma-bearing mice were euthanized using sodium pentobarbital (32 mg/kg) and subsequently perfused with 0.9% saline followed by buffered 4% paraformaldehyde. Brains were surgically removed and postfixed with 4% paraformaldehyde. After fixation, tissues were incubated in 30% sucrose solution at 4°C overnight followed by liquid nitrogen freezing. Frozen brains were then sectioned and subjected to either in situ hybridization analysis or immunohistochemistry. For Kaplan-Meier survival rate analysis, percentages of surviving mice in the specific groups of animals were recorded daily after GL261 glioma implantation. The endpoint was defined by a lack of physical activity and a body weight reduction of .15%. The data were subjected to log-rank test in order to determine if significant differences existed in survival between the experimental groups.
In situ hybridization analysis In situ hybridization was performed as described previously (33) . Plasmid constructs were generated that contained either a 530 bp cDNA fragment of murine CXCL9 or 470 bp cDNA fragment of murine CXCL10. The primers for synthesis of CXCL9 and CXCL10 cDNA were the same as used in reverse transcription-polymerase chain reaction (RT-PCR).
Immunohistochemistry
For immunohistochemistry, brain sections were permeabilized with 0.5% Triton X-100 in PBS for 15 min at room temperature followed by blocking with 10% goat serum in PBS for 30 min. In some cases (anti-Foxp3 immunohistochemistry), sections underwent an antigen retrieval treatment. In brief, slides were first permeabilized with 0.5% Triton X-100 followed by heating slides (immersed in a boiling water bath for 25 min) in a buffer containing 10 mM sodium citrate, 0.05% Tween 20, pH 6.0. Slides were then cooled to room temperature for 20 min, washed with PBS three times and finally subjected to standard immunohistochemistry procedures. The sections were incubated in primary antibodies at 4°C overnight. The following antibodies were used: rat anti-CD11b (dilution 1:500, Serotec, MorphoSys US, Raleigh, NC), rat anti-CD4 (dilution 1:50; BD Biosciences, San Jose, CA), rat anti-CD8 (dilution 1:50, Serotec, MorphoSys US), rat anti-Foxp3 (dilution 1:50; eBioscience, San Diego, CA) and rat antiLy49G2 (dilution 1:50; BD Biosciences). The following day, sections were washed three times with PBS and incubated subsequently in goat anti-rat Alexa 594 (dilution 1:1000; Invitrogen). The sections were then washed three times with PBS and finally counterstained with 4#,6-diamidino-2-phenylindole. For 
þ and Ly49G2 þ cells, the number of cells per high-powered field in several sections from multiple animals were determined and the mean and standard error of the means calculated. The data were subjected to statistical analysis.
FACS analysis
Adherent (AD) glioma cells and GS were harvested with 0.01% ethylenediaminetetraacetic acid in PBS, pH 7.4, washed with ice cold 0.5% bovine serum albumin in PBS and subsequently blocked with 5 lg/ml of mouse and rat IgG mixture for 15 min at room temperature. Cells were then incubated with specific antibody for 30 min on ice. Mouse anti-human CXCR3-PE (1:12; BD Biosciences), rat anti-mouse CXCR3-APC (dilution 1:12; R&D Systems), mouse antihuman Nestin-APC (dilution 1:40; R&D Systems), mouse anti-Nestin-Alexa 647 (1:12; BD Biosciences), mouse anti-human/mouse SOX2-APC (dilution 1:12; R&D Systems) were used. Samples were then washed and analyzed with BD LSR II system (BD Biosciences). Dead cells were excluded by 7-AAD (eBioscience) or 4#,6-diamidino-2-phenylindole (Sigma-Aldrich) staining. All data were analyzed by FlowJo software version 7.6 (Tree Star, Ashland, OR).
In vitro growth analysis GS cells were plated in 12-well plates at different density and treated with either CXCL9 (1 or 10 nM), CXCL10 (1 or 10 nM) or the combination of EGF and bFGF (each at 20 ng/ml). Cells cultured in medium without growth factor supplements served as the control. Cell numbers were determined at days 3, 6 and 9. To investigate the effect of CXCR3 inhibition, cells cultured as described above with 1 lM of NBI-74330 were compared with samples without NBI-74330. Cell numbers were determined on day 6 or 9. All experiments were performed in triplicate and are representative of three independent experiments. Recombinant mouse and human CXCL9 and CXCL10 were purchased from R&D Systems.
Statistical analysis
All statistical analyses were calculated using either Microsoft Excel or GraphPad Prism 5 software (GraphPad Software, La Jolla, CA). All data are presented as mean ± standard error of the mean. P-values were calculated using Student's t-test with two-tailed distribution. Survival data were subjected to log-rank test to determine statistically significant differences between groups. A P value ,0.05 was considered significant and is indicated by symbols depicted in the figures and figure legends.
Results
Murine glioma GL261 cells express CXCL10 in vitro and GL261 tumors express CXCL9 and CXCL10 in vivo Murine GL261 glioma cells are known to express CXCL10 as previously established using microarray analysis (23) . Thus, we utilized the GL261 murine model of malignant glioma to address the role of CXCR3 in glioma progression in vitro and in vivo. By using RT-PCR, we determined that CXCL10 messenger RNA (mRNA) was expressed by cultured GL261 cells ( Figure 1A) ; CXCL9 mRNA was undetectable. Since the in vivo expression of the CXCR3 system has not been reported, we implanted GL261 cells into WT C57BL/6 mice and the expression of CXCL9 and CXCL10 mRNAs were detected by in situ hybridization analysis ( Figure 1C ). These data indicate that CXCL9 and 10 are expressed in GL261 glioma and might be involved in GL261 glioma progression.
Reduced numbers of tumor-infiltrated Ly49G2 þ NK and NKT cells in GL261 gliomas from CXCR3-deficient mice is associated with decreased animal survival To address the functional significance of host-expressed CXCR3 in glioma progression, we evaluated the effect of CXCR3 deficiency on GL261 tumor growth and tumor-bearing animal survival using CXCR3-deficient mice. Kaplan-Meier survival analysis was carried out by comparing animal survival rates of WT and CXCR3-deficient mice implanted with GL261 cells. The results demonstrated that tumor-bearing CXCR3-deficient mice succumbed to tumor growth more rapidly than WT mice (Figure 2A , P , 0.0001). The median survival time of tumor-bearing CXCR3-deficient mice was significantly decreased to 18 days as compared with WT mice (23 days).
To access the possibility that the augmented GL261 tumor growth in the CXCR3-deficient mice resulted from malfunction of CXCR3- CXCR3 antagonism suppresses glioma growth mediated homing of lymphocytes and/or microglia into the gliomas, we investigated numbers of tumor-infiltrated lymphocytes (CD4 þ , CD8 þ , Ly49G2 þ and Foxp3 þ cells) as well as tumor-infiltrated CD11b þ microglia. The numbers of CD4 þ , CD8 þ cells and microglia inside the tumor were not significantly different between WT and CXCR3-deficient groups ( Figure 2B) . However, the number of Ly49G2 þ cells inside the tumors from CXCR3-deficient mice was significantly reduced when compared with cell numbers in tumor sections from the WT group (CXCR3-deficient: 7.7 ± 1.3 cells per high-powered field, n 5 9; WT: 28.9 ± 6.9 cells per high-powered field, n 5 7, P 5 0.0041) ( Figure 2B) . While there was a tendency for decreased numbers of Foxp3 þ cells in tumors from CXCR3-deficient mice, the difference did not reach statistical significance ( Figure 2B) . In situ hybridization analysis determined that CXCL9 and CXCL10 mRNAs were detected in tumors from CXCR3-deficient mice, indicating that CXCR3 deficiency did not affect CXCL9 and CXCL10 expression ( Figure 2C ).
CXCR3 antagonism suppressed GL261 tumor growth and increased animal survival independent of host CXCR3 expression To determine if pharmacological antagonism of CXCR3 mimicked CXCR3 deficiency in promoting GL261 glioma growth, we evaluated the effect of a CXCR3 antagonist, NBI-74330, on GL261 glioma progression. WT and CXCR3-deficient mice implanted with GL261 cells were treated with either NBI-74330 or vehicle as a control. 
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Kaplan-Meier survival analysis showed that this CXCR3 antagonist prolonged survival of glioma-bearing WT animals ( Figure 3A , P 5 0.0212) and increased median survival days from 20 days (vehicle) to 24 days (NBI-74330). Moreover, in CXCR3-deficient animals, CXCR3 antagonism overcame the effect of CXCR3-deficiency and increased the rate of animal survival ( Figure 3B , P 5 0.0028). The median survival time for CXCR3 antagonist-treated group was increased to 23 days from a median survival time for vehicle-treated group of 17 days. Tumor-infiltrated cells in tumors from vehicle-and NBI-74330-treated WT mice were also evaluated, and no significant differences in the numbers of tumor-infiltrated CD4 þ , CD8 þ , Foxp3 þ , Ly49G2 þ cells or CD11b þ -microglia were found ( Figure 3C ). In addition, expression of CXCL9 and CXCL10 was unaltered by NBI-74330 treatment ( Figure 3D ).
CXCR3 and its ligands are expressed by murine and human glioma cells
The effect of CXCR3 antagonism on tumor-bearing animal survival, which was independent of host CXCR3 expression, lead to the hypothesis that NBI-74330 inhibits glioma growth by exerting its effect on GL261 cells. Thus, we elucidated the expression of CXCR3 in GL261 cells by fluorescence-activated cell sorting analysis. A small fraction (8.4 ± 0.5%) of GL261 cells were determined to express CXCR3 ( Figure 4B ). To extend the results in the murine model to human GBM, we examined the expression of CXCR3 and its ligands, in five commonly studied grade IV human glioma cell lines, namely the A172, T98G, U87, U118 and U138 cell lines. With RT-PCR, we determined that two human glioma cell lines, T98G and U87, expressed CXCL10 mRNA ( Figure 4A ). T98G showed the highest level of CXCL10 mRNA expression and U87 had a lower level of CXCL10. CXCL10 was undetectable in the other three human cell lines and all lines lacked both CXCL9 and CXCL11 mRNAs. In addition, CXCR3 was expressed on all of the human glioma cells, as assessed by fluorescence-activated cell sorting analysis ( Figure 4B ). The percentage of CXCR3 þ cells in the various lines ranged from approximately 3-8%.
It has been reported that human glioma cell lines, cultured as AD cells in the presence of fetal calf serum, are phenotypically different from their matched primary human tumor-derived tumor stem cells (34) . In contrast, GS, derived from culturing cells under more defined conditions that include bFGF and EGF, have higher resemblance to primary human GBM (35) and exhibit a stem cell phenotype characterized by nestin and SOX2 expression (supplementary Figure 1 is available at Carcinogenesis Online). Thus, we evaluated the expression of CXCR3, its ligands (CXCL9/10/11) in a patient GBM tissue-derived GS, GBM L0, and compared it with GL261 and other human glioma cell lines cultured as GS. CXCL10 was expressed by GL261-GS and three of the human GS lines, including T98G-, U87-and U118-GS ( Figure 5A ). In addition, CXCL11, while undetectable in cells grown in media containing serum, was expressed by GL261-, T98G-, U87-and U118-GS ( Figure 5A ). CXCR3 expression in the various GS was determined by fluorescence-activated cell sorting analysis. All GS cell lines as well as the GBM L0 expressed CXCR3, albeit at various levels ( Figure 5B ). When compared with their matched serum-supplemented cell lines, the percentage of CXCR3-expressing cells significantly increased in GL261, A172, T98G, U87, U118 and U138 GS (supplementary Table II is available at Carcinogenesis Online). Two CXCR3 isoforms (CXCR3-A and -B) have been identified in human (36, 37) , whereas only one form of CXCR3, most similar to the human A isoform, exists in the mouse genome. The presence of CXCR3 isoforms in human GS was characterized by RT-PCR. CXCR3-A was expressed by all cell lines examined with A172-, T98G-and U87-GS expressing the highest levels of CXCR3-A ( Figure 5C ). CXCR3-B was detected in T98G-, U118-and U138-GS cells ( Figure 5C ).
CXCL9 and CXCL10 stimulated growth of murine and human GS Because expression of CXCR3 was enhanced in GS as compared with serum-supplemented cell lines and differential expression of CXCR3 isoforms were found in these cells, we compared the effects of CXCR3 activation on the cell growth of GL261-, U87-, U118-, U138-GS and GBM L0 cells. Both CXCL9 and CXCL10 stimulated growth of GL261-and U87-GS by day 6 of incubation as compared with control ( Figure 6A) ; an impact on proliferation was not evident at the earliest time point measured (3 days). The growth effect of these chemokines was sustained through day 9 ( Figure 6A ). Cell numbers of U118-and U138-GS continuously decreased through day 9, and both CXCL9 and CXCL10 attenuated the cell loss of U138-GS by day 9, whereas no significant effect was observed in U118-GS cells (Figure 6A) . In GBM L0, the CXCL9-treated group had significantly higher cell numbers by day 9 when compared with the control group ( Figure 6A ). The CXCL10-treated group, showed a similar tendency as the CXCL9-treated group, but the difference from control did not reach statistical significance (P 5 0.11). AD T98G cells were able to CXCR3 antagonism suppresses glioma growth form spheres when initially seeded into the serum-free defined growth factor conditions but did not survive subsequently in the presence of CXCL9, CXCL10 or EGF/bFGF. A172 cells also formed spheres but did not proliferate in the presence of the CXCR3 ligands or EGF/ bFGF. Co-incubation of CXCL9 or CXCL10 with NBI-74330 blocked the response to either CXCL9 or CXCL10 stimulation in GL261-and U87-GS cells by day 6 and U138-GS cells by day 9 ( Figure 6B) . A trend for NBI-74330 to attenuate the CXCL9 or CXCL10 responses in GBM L0 cells was observed (CXCL9: P 5 0.14; CXCL10: P 5 0.16). NBI-74330 did not affect cell growth in either the control or growth factor(s)-supplemented groups, suggesting that NBI-74330 selectively inhibited CXCR3 activation.
Discussion
The role of CXCR3 in a variety of cancers has gained considerable attention. However, the importance of CXCR3 and its ligands in human GBM and mouse models of the disease is still unclear. Previous studies have shown that CXCR3 and CXCL10 are expressed by several human glioma cells lines (24) , whereas CXCL10 mRNA is also detected in the murine GL261 glioma cell line (23) . In human glioma cells, CXCL10 stimulates DNA synthesis and cell proliferation in vitro (24) . These data suggest an involvement of CXCR3 in glioma formation and progression, although an in vivo relationship of this chemokine system and glioma progression has not yet been established. The results reported here indicate that human and murine glioma cell lines and tumors express components of the CXCR3 chemokine system. More important, the increased presence of CXCR3 þ cells in cultures enriched in glioma-initiating cells and suppression of the in vitro and in vivo growth of glioma by pharmacological antagonism of CXCR3 supports future consideration of this receptor as a target for GBM therapy.
To investigate the in vivo function of CXCR3 in glioma progression, we initially established that GL261 cells expressed CXCL10 in vitro and CXCL9 and CXCL10 in vivo. The intra-glioma expression of these chemokines prompted us to study the role of CXCR3 in glioma progression using two approaches, specifically CXCR3-deficeint mice and pharmacological antagonism. Glioma-bearing CXCR3-deficient mice had lower survival rate and significantly fewer numbers of NK and NKT cells inside the tumor when compared with WT mice. The absence of tumor-infiltrating NK and NKT cells is the likely reason for the enhanced tumor growth and shorter median survival time in the tumor-bearing CXCR3-deficient animals. The reduction of NK and NKT cells in CXCR3-deficient mice has also been documented in ocular herpes simplex virus type 1 infection (38) as well as pulmonary fibrosis (39) . However, it has been reported that CXCR3-deficiency results in an impaired homeostasis of NK and NKT cells, with unchallenged CXCR3-deficient mice having significantly reduced numbers of NK and NKT cells in lung, liver and peripheral blood (39) . Thus, the reduction of NK and NKT cells in GL261 gliomas we observed is likely a result from a defect in NK and NKT cell homeostasis and not from a specific alteration of CXCR3-mediated cell migration into the tumor. Altered migration of Foxp3 þ Treg cells in CXCR3-deficient mice has also been reported. In an experimental autoimmune encephalomyelitis model of multiple sclerosis, Treg cells are decreased in number and dispersed in lesions from CXCR3-deficient mice (40) . These data, coupled with results showing an involvement of CD4 þ CD25 þ Treg cells in suppression of antiglioma immune responses in the GL261 model (40, 41) , suggested a Treg phenotype in the glioma-bearing CXCR3-deficient animals CXCL9 and CXCL10 significantly enhanced GL261-and U87-GS growth at day 6 and 9 ( Ã P , 0.05, ÃÃ P , 0.01) and prevented U138-GS cell loss at day 9. CXCL9 stimulation significantly increased cell numbers of GBM L0 at day 9 (#P , 0.05); CXCL10-stimulated group was not statistically significant as compared with control. (B) The effect of 1 lM NBI-74330 (black filled bars) and 0.1% dimethyl sulfoxide (open bars) on chemokine-and growth factor-stimulated GS growth. Representative results of three individual experiments performed in triplicate are shown. NBI-74330 attenuated response of GL261-, U87-and U138-GS to CXCL9 and CXCL10 but did not affect either control or growth factor-supplemented groups.
CXCR3 antagonism suppresses glioma growth might have been observed. While we found a tendency of Foxp3 þ Treg cell reduction in tumors from CXCR3-deficient mice, the difference was not statistically significant.
To circumvent the NK/NKT defect in the CXCR3-deficient mice, a pharmacological approach, using NBI-74330, was undertaken. The selectivity of NBI-74330 for CXCR3 has been determined in previous studies. NBI-74330 inhibits CXCR3-agonist binding and CXCR3-mediated phospholipase C activation but has little or no effect on other chemokine and histamine receptors (28) (29) (30) . Our results are consistent with the pharmacological properties of this antagonist since NBI-74330 attenuated the responses of the GS cells to both CXCL9 and CXCL10 but had no effect on either control or EGF/bFGF-supplemented groups. In contrast to the outcomes from CXCR3-deficient mice, NBI-74330 enhanced the survival rate of tumor-bearing WT mice with no impact on microglia and lymphocyte(s) infiltration. Tumor-bearing CXCR3-deficient mice also displayed prolonged survival with NBI-74330 treatment, a result that suggested a CXCR3 inhibitory effect directly on the tumor cells. Indeed, we found that GL261 cells express CXCR3 as do several human glioma cells. The lack of effect of CXCR3 antagonism on the numbers of tumor-infiltrating microglia and lymphocytes, cells known to express CXCR3, suggests that this receptor system is not the primary means by which these immune cells traffic into glioma. Given that multiple chemokine systems have been shown to mediate microglia and lymphocytes infiltration into the brain (42) (43) (44) (45) , the influx of these cells into the glioma is probably mediated by other pro-migratory systems.
The applicability of the murine GL261 model to human GBM was further validated with analysis of five different human GBM cell lines, A172, T98G, U87, U118 and U138. All of the human lines express CXCR3 protein but showed varying levels of expression of CXCL10. CXCL10 was only detectable in T98G and U87. The variation of CXCL10 expression in human glioma lines had been documented that the lack of constitutive nuclear factor-kappaB activity in A172 results in undetectable CXCL10 expression, even with interferon gamma stimulation (46) . On the other hand, T98G has been shown to have constitutive nuclear factor-kappaB activity and interferon gamma treatment enhances CXCL10 expression in these cells (46) . In addition, we analyzed the expression patterns of CXCR3 and its ligands in GL261 and human GBM lines cultured in a serum-free stem cellenriched condition. It has been suggested that phenotypes of these cells better recapitulate the cells in the glioma environment than cell lines cultured in the presence of serum (34, 35) . Interestingly, we found that GL261 GS and all of the human GS had greater CXCR3 þ population when compared with their matched serum-supplemented cultures; a patient GBM tissue-derived primary GS, GBM L0, also contained a CXCR3 population. The positive correlation of CXCR3 expression and glioma malignancy has been suggested in human gliomas (24) , and GL261 GS were confirmed to be more malignant than their matched AD cell lines with serum supplement (23) . Moreover, the expression of CXCR3 ligands was also enhanced in some of the GS cell lines. For example, CXCL10 expression was detected in U118-GS but not in U118-AD cells. Furthermore, CXCL11 expression was detected in GL261, T98G, U87 and U118 GS as well as the patient-derived GBM L0 cells, whereas this chemokine was undetectable in all of the AD cells. Thus, the CXCR3 system may contribute to glioma malignancy.
Insights into the role of CXCR3 in glioma progression came from in vitro studies where we determined that both CXCL9 and CXCL10 were able to enhance GL261 and U87 GS cell growth. This result is consistent with the DNA synthesis-promoting effect found in other AD human glioma cell lines (24) . In addition, CXCL9 and CXCL10 prevented the loss of cells in U138 GS by day 9. The growth and/or survival effects of CXCR3 activation on human GS are correlated with their expression pattern of CXCR3 mRNA isoforms. Two human CXCR3 isoforms, CXCR3-A and -B, have been identified (36, 37) . Stimulation of CXCR3-A activates extracellular signal-regulated kinase and AKT pathway, enhancing cell proliferation, whereas CXCR3-B activation exerts proliferation inhibitory and angiostatic effects through activation of p38 mitogen-activated protein kinase (36, 47, 48) . In human myeloma cells, CXCL10 stimulation results in an anti-apoptotic effect on cell lines that have high CXCR3-A expression but not on cell lines with a predominance of CXCR3-B (20) . Our data, consistent with previous studies, indicates that CXCR3 enhances cell growth in cell lines that express only CXCR3-A (U87-GS). In lines expressing both isoforms, the functional response to CXCR3 agonists is more complex. The ratio of CXCR3-A and -B isoforms has been postulated to determine the outcome. For example, CXCR3 activation inhibits the loss of cells in U138-GS cells (expresses higher level of CXCR3-A than CXCR3-B) but has little or no effect on U118-GS cells (comparable expression of CXCR3-A and -B). CXCL9 and CXCL10 stimulation also showed a tendency to increase numbers of GBM L0 cells although the difference from control was not statistically significant. While GBM L0 expresses CXCR3-A and not CXCR3-B, mRNA levels of CXCR3-A were relatively lower as compared with the other human GS, which may explain the difficulty of observing an effect of CXCL9 and CXCL10 on the GBM L0 GS.
In summary, components of the CXCR3 system are expressed by glioma cells in vitro and in vivo. The increased expression of CXCR3 in the more malignant population of GS cells, and the CXCR3 antagonist-sensitive effects on the in vitro and in vivo growth of glioma, suggest that this chemokine system could be a unique target for human GBM therapy.
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